Tibial dyschondroplasia was induced in female broiler chicks by the incorporation of 2% Fusarium roseum "Alaska" culture into their starter ration. Chicks were placed on this diet at one day of age and maintained until they were killed at four days or one week. Proximal tibial physes were grossly thickened into cone-shaped masses of cartilage by one week of age. Microscopically, lesions were in both ages of treated chickens and were characterized by thickening of the transitional zone which was especially prominent in the center of the growth plate. This zone was unmineralized, avascular, and contained chondrocytes which were crenated and densely eosinophilic. The cartilage matrix was pale and contained some patchy eosinophilic foci.
Tibial dyschondroplasia is a defect in endochondral ossification, which is morphologically characterized by a widened proximal tibial physis that is not penetrated by metaphyseal vascular sprouts. Tibial dyschondroplasia (osteochondrosis) is a common spontaneous abnormality in growing broiler chickens and turkeyss-'', Is. l9 and has been induced by a variety of experimental manipulation^.^.^. I I . l 2 The youngest reported age for chicks with spontaneous or chloride-induced tibial dyschondroplasia was two week^.^,^." In 1980, Fusarium sp-induced tibial dyschondroplasia was first described. l 6 All chicks that were fed 5 or 10% Fusarium roseum culture died within one to three weeks. A wide cartilaginous band was observed in the proximal tibiotarsal physes of some chicks which died at eight to eleven days of age. A similar lesion was present in chicks that died from twelve to seventeen days of age and in these chicks a definitive diagnosis of tibial dyschondroplasia was made. Chicks fed 2% Fusarium roseum culture had a 90% incidence of tibial dyschondroplasia which was well-advanced by four to six weeks of age.I7
The pathogenesis of tibial dyschondroplasia is complex and may involve a variety of mechanisms. One researcher suggests that the metaphyseal vessels are defective and, therefore, cannot penetrate the physeal cartilage. I I . l 2 Another hypothesis is that the physeal cartilage is abnormal and, consequently, is incapable of being penetrated by metaphyseal vessels.'-'' A third hypothesis proposes that resorption of physeal cartilage (chondroclasis) ahead of the metaphyseaI vessels is deficient and this prevents vascular invasion.6. l 7
The high incidence of tibial dyschondroplasia in the Fusarium sp model allows us to study the development of this lesion in a chronological manner without the hinderance of secondary changes brought about by abnormal bone growth. The study reported here was designed to determine the age at which the earliest changes were evident in affected birds and to describe and quantitate these changes. This is the first step in determining the pathogenesis of Fusarium sp-induced tibial dyschondroplasia.
Materials and Methods
Female broiler chicks were fed a standard starter ration which included 2% Fusarium roseum "Alaska" rice culture as previously described." Control chicks were fed the same 629 diet, except the Fusarium sp culture was omitted. All birds were housed in the same room but treated and control birds were kept in separate wire floor brooder-grower units.
Ten chicks from the treatment group and ten chicks from the control group were randomly selected and sacrificed at four days or one week of age. The chicks were killed by cervical disarticulation and both tibiotarsi were collected, then sectioned longitudinally through the medial aspect of the proximal physis and fixed in 10% neutral buffered formalin. One tibiotarsus from each bird was demineralized in 10% formic acid, embedded in paraffin, sectioned at 6 pm and stained with hematoxylin and eosin. The other tibiotarsus was embedded in glycol methacrylate (JB4, DuPont, Wilmington, DE) without demineralization. Plastic sections were cut at 2 pm on a JB-4 microtome and stained with celestine blue B ponceau de xylidine-acid fuchsin.I5 The occurrence of tibial dyschondroplasia was assessed by histologic evaluation of proximal tibial growth plates. Growth plates were classified as normal, dyschondroplastic, or intermediate between normal and dyschondroplastic.
Growth plates from four birds with typical changes of Fusarium sp-induced tibial dyschondroplasia and four controls were selected from each age group for detailed morphologic evaluation. Evaluation included measurements of the following parameters: numbers of metaphyseal vascular sprouts; distance between the reference point (the junction between the proliferative and transitional zones) and the tip of the metaphyseal vascular sprouts; width of the tips of the metaphyseal sprouts; distance between tips of adjacent metaphyseal vascular sprouts; and number of perforating vessels in the proliferative zone ( fig. 1 ). The junction of the proliferative and transitional zones was used as the reference point because it was easily identified and located similarly in both age groups. The width and spacing of metaphyseal sprouts in the four-day and one-week-old birds were measured at distances of 393 pm and 1571 pm from the reference point. 2b Fig. 1 : Schematic diagram of proximal tibial growth plate and measurements. Epiphyseal cartilage ( 1); proliferative cartilage (2); transitional cartilage (3); medullary cavity with primary spongiosa (4). Distance between proliferative/transitional junction and tip of metaphyseal vascular sprouts (a); distance between adjacent metaphyseal sprout tips (b); width of metaphyseal sprout tips (c). These distances were chosen because they allowed us to make standardized measurements at the most proximal level of the metaphyseal vascular sprouts in the controls and affected growth plates, respectively. Linear measurements were made with an optical micrometer and converted to micrometers (pm). Our statistical evaluation compared measurements on all vessels from the affected growth plates with all vessels from the control growth plates. Data were compared using Student's-t test for unpaired samples.
Results

Control growth plates
Growth plates from ten control chicks were examined at four days of age. Of these, seven were normal and three were intermediate between normal and dyschondroplastic. Growth plates from ten control chicks were examined at one week of age and all of these were normal. The proliferative zone was the most densely cellular zone of the growth plate. The chondrocytes were typically aligned in densely packed vertical columns. They were elliptical and had oval nuclei, dispersed chromatin, one or two small nucleoli, moderately dense eosinophilic cytoplasm and distinct cell boundaries which extended to the edge of the matrix lacuna. The cartilage matrix was lightly basophilic and relatively scant. Perforating vessels branched perpendicularly from junctional vessels in the epiphysis and traversed the proliferative zone within perforating canals ( fig. 2) .
The transitional zone, a narrow zone adjacent to the distal edge of the proliferative zone, contained chon-drocytes that were round to polygonal and not wellorganized into vertical columns ( fig. 2 ). Transitional chondrocytes typically had central vesicular nuclei, eosinophilic cytoplasm and several large cytoplasmic vacuoles which sometimes contained homogeneous eosinophilic material. In addition, many transitional chondrocytes had fine cytoplasmic processes that extended to the edge of the lacuna. The cartilage matrix was more abundant than in the proliferative zone and was unmineralized. Many of the perforating vessels that terminated at the proliferative/transitional junction gave rise to eosinophilic fibrillar strands which traversed the transitional zone and connected with the tips of metaphyseal vascular sprouts. Some of these eosinophilic strands contained pyknotic nuclei, cellular debris and presumably were remnants of perforating vessels, occluded by enlarging chondrocytes.
The chondrocytes within the hypertrophic zone appeared similar to those in the transitional zone except they were somewhat more organized into vertical columns, had more cytoplasmic vacuoles and ragged cell boundaries ( fig. 2 ). The cartilage matrix of this zone was increasingly mineralized, beginning at the level of the metaphyseal sprout tips and proceeding distally. The earliest evidences of mineralization were small basophilic aggregates in the longitudinal septae between chondrocytes. Distally, these basophilic aggregates coalesced into mineralized trabeculae which separated chondrocytes. The hypertrophic zone contained metaphyseal vascular sprouts which penetrated to the tran- * Distance from junction of proliferative and transitional zones at which width was measured. a p < 0.0 1 (difference from age-matched control). sitional/hypertrophic junction. The cartilage matrix bordering the tips of the metaphyseal sprouts was unmineralized, lightly eosinophilic, frayed and connected with fine eosinophilic fibrils which extended into the lumen of the metaphyseal canals. The cartilage columns between the metaphyseal sprouts were generally parallel to the sprouts but were variable in width. These columns usually extended into osseous trabeculae of the primary spongiosa, but occasionally were continuous with remnants of the embryonal limb cartilage in the four-day-old birds.
The metaphyseal vascular invasion front in the fourday-old growth plates had a fairly constant number (16 to 18) of vascular sprouts which were generally parallel to each other and perpendicular to the proliferative/ transitional junction. The sprout tips contained a loose array of spindle to stellate cells that had oval to elongate nuclei, finely clumped chromatin, multiple small nucleoli, and fibrillar eosinophilic cytoplasm. Many of these cells were in close apposition to the adjacent matrix and extended cytoplasmic processes into vacant lacunae. Capillaries filled with erythrocytes were evident and usually occupied the peripheral aspects of the sprout. Distally along the metaphyseal canals, there were variable numbers of chondroclasts. These were either aligned along the lateral border of the canal adjacent to mineralized matrix, or in scalloped side pockets. Many chondroclasts had prominent rumed borders adjacent to the mineralized matrix.
The growth plates of the one-week-old birds were larger than the four-day-old controls and the bones lacked remnants of embryonal limb cartilage. In addition, the metaphyseal vascular invasion front was more even and the sprouts were longer in the older birds.
In the four-day-old controls, the mean distance between the metaphyseal sprout tips and the proliferative/ transitional junction was 237 pm and 73.5% of the sprouts were within one standard deviation (+ 160 pm) of the mean (table I). In the one-week-old controls, the mean distance between the metaphyseal sprouts and the proliferative/transitional junction was 496 pm; 69% of the sprouts were within one standard deviation (* 335 pm) of the mean (table I) . The average width of the metaphyseal sprouts was 70 pm, in the four-dayold group and 57 in the one-week-old group. Data for other parameters measured are given in table I.
Dyschondroplastic growth plates
Growth plates from nine chicks fed Fusarium sp were examined at four days of age. Of these, five were dyschondroplastic, three were intermediate and one was normal. Growth plates from ten chicks fed Fusarium sp were examined at one week of age; seven were dyschondroplastic and three were normal. The proliferative zone in the four-day-old growth plates was similar to that in controls ( fig. 3) . The most obvious changes in the affected growth plates involved the transitional zone and the metaphyseal vascular invasion front. The transitional zone in the center of each affected growth plate was thickened to form a conical mass of cartilage that had its apex toward the medullary cavity ( fig. 4 ). This cartilage plug was unmineralized and avascular. Chondrocytes within this area were similar to controls in organization but were crenated and more eosinophilic. A moderate number of chondrocytes were densely eosinophilic and were separated from the edge of their lacuna by abundant pale, homogeneous, basophilic material. These cells appeared necrotic and were most numerous in the cartilage plug adjacent to metaphyseal sprouts and within the remnants of embryonal limb cartilage (fig. 3) . The matrix, especially in the distal aspect of the thickened zone, was diffusely pale and had irregularly shaped, patchy, lightly eosinophilic foci. In addition, there were a moderate number of occluded vascular remnants which spanned the thickened zone and connected perforating epiphyseal vessels with metaphyseal sprouts. Mineralization of the hypertrophic zone was somewhat uneven, but generally paralleled the metaphyseal invasion-front as in controls. Changes present in the one-week-old growth plates were similar to, but more prominent than the affected four-day-old growth plates. The transitional zone was greatly thickened, especially in the center of the growth plate (fig. 5) . The matrix of the thickened transitional zone was pale and unmineralized. The chondrocytes in this zone were slightly less organized than controls. There were more crenated, densely eosinophilic chondrocytes within this zone and the hypertrophic zone adjacent to the metaphyseal sprouts. The metaphyseal vascular invasion front was uneven and vascular sprouts failed to approach the proliferative/transitional junction (table I).
The tips of the metaphyseal sprouts in both age groups were significantly farther from the reference point than in controls (table I) . This difference was most marked in the central one-half of the growth plate; the metaphyseal vascular sprouts in the peripheral quarters of the growth plate were similar to controls in spacing and depth of penetration toward the proliferative/transitional junction. Sixty-five percent of the sprouts in the four-day-old age group, were two to ten times farther away than in the controls (fig. 6) . In the one-week-old affected growth plates, 60.6% of the metaphyseal sprouts were at least two times farther away from the proliferative/transitional junction than in controls (fig. 7) . The width of the metaphyseal sprouts in both age groups were significantly narrowed at 1571 pm from the reference point (table I) . Other parameters that were measured did not differ significantly.
Discussion
In this study, our primary objective was to examine, as early as possible, the proximal tibial growth plates from birds with Fusarium sp-induced tibial dyschondroplasia. The persistence of embryonal limb cartilage in the proximal tibiotarsus in chicks less than one week of age is a confusing factor in interpretation of subtle growth plate lesions. Therefore, equivocal lesions were classified as intermediate. Chicks less than four days of age were not examined for this same reason. We focused our morphometric analysis on the metaphyseal vascular invasion front because failure of vascular penetration into the growth plate is characteristic of tibial dyschondroplasia. The metaphyseal vascular sprouts in broilers with advanced Fusariurn sp-induced tibial dyschondroplasia are enlarged, blunted and somewhat tortuous. l 7 This also seemed to be the case with affected growth plates in the present study when they were evaluated subjectively; however, this could not be substantiated with morphometric evaluation.
The most consistent changes in the affected growth plates of this study were thickening of the transitional zone and increased distance between the tips of the metaphyseal vascular sprouts and the proliferative/ transitional junction. These changes might have logically been predicted based on observations made in a previous study. l 7 However, the birds in that study were older and had more advanced tibial dyschondroplasia, so predictions may not have been valid.
The other measured parameter that differed significantly was the width of the metaphyseal vascular sprouts at 1571 ym from the reference point. This difference is somewhat misleading because the base (widest part) of the metaphyseal sprout in normal growth plates is measured at this distance, whereas in affected growth plates, this measurement represents the advancing tip of the metaphyseal sprout, which is generally the narrowest part of the sprout.
There were also changes evident in matrix staining and chondrocyte morphology in the thickened area of the affected growth plates. These changes were subtle in the four-day-old birds and were increasingly prominent in the older birds. Another change that was noted in the affected growth plates was the presence of increasing numbers of crenated, densely eosinophilic chondrocytes that were set in lacunae filled with pale, basophilic homogeneous material. These cells were presumably necrotic, but their significance is unclear.
Our data suggest that the metaphyseal vascular sprouts are normal early in tibial dyschondroplasia. We believe that attention should be focused on the chon-drocyte and cartilage matrix of affected growth plates and on the mechanism of matrix resorption during endochondral ossification.
The resorption of cartilage and invasion of the growth plate by metaphyseal vascular sprouts involves several factors. Proteases produced by perivascular mesenchy-ma1 cells presumably degrade the unmineralized ma-triX.2.7. 14 Chondrocytes in the hypertrophic zone may release lysosomal enzymes, but their function in matrix degradation has recently been q~esti0ned.l~ Chondroclasts are multinucleated cells which line the metaphyseal canals and degrade mineralized cartilage, as osteoclasts degrade bones. Unmineralized cartilage is generally resistant to vascular invasion, because it contains "anti-invasion factor," an extractable substance which is composed of several proteins, including a protease inhibitor and a substance that antagonizes endothelial cell proliferation in ~i t r o .~. l 3
There are several different mechanisms which could be involved in the failure of vascular invasion into affected growth plates in Fusarium sp-induced tibial dyschondroplasia. Chondrocytes in the transitional zone could be affected by the toxic principle such that they produce abnormal cartilage matrix which is incapable of being invaded by metaphyseal vessels. Another possible mechanism could be a relative excess of protease inhibitor within the matrix which neutralizes the proteases produced by resorptive cells and therefore, impedes vascular invasion. This could be brought about by a lack of protease production or an absolute excess of protease inhibitor due to overproduction by chondrocytes or excessive sequestration of protease inhibitor from body fluid. Depression of resorptive cell proliferation and/or function due to intoxication is a third potential mechanism. Our data neither support nor refute these contentions. The histologic changes present in the growth plates described herein and in a previous paperI7 are generally similar to changes described in spontaneous' and chloride-induced4 tibial dyschondroplasia. However, the marked decrease in chondroclast numbers evident in advanced Fusarium sp-induced tibial dyschondroplasia has not been described in spontaneous tibial dyschondroplasia or tibial dyschondroplasia caused by other experimental manipulations. l 7 The variety of unrelated methods used to produce tibial dyschondroplasia suggests that this lesion may be a common endpoint derived by a combination of various mechanisms.
Members of the genus Fusarium are known to produce a variety of mycotoxins under certain environ-mental conditions.' T h e toxic principle in Fusarium roseum "Alaska" that induces tibial dyschondroplasia recently has been isolated a n d ~h a r a c t e r i z e d .~ We believe that Fusarium sp-induced tibial dyschondroplasia is a reproducible model that will be useful in the study of endochondral ossification defects i n animals and people.
